Summary. Prolonged gestation (2 extra days in utero) was obtained by daily subcutaneous injection of progesterone (2.5 mg) to pregnant rats from day 20.5 post coitum (p. c.) through day 22.5 p. c. after reduction of the fitter to 6 fetuses on day 14.5 p. c.. Exogenous progesterone per se or litter reduction were without effect on fetal pancreas or fetal liver. Plasma insulin, insulin and glucagon in the pancreas, and liver glycogen stores have been systematically measured in postmature animals and in controls during the perinatal period. In 23.5 day-old postmature as compared to 21.5 day-old normal fetuses, the intrauterine mortality was increased (26%), the body weight was increased by 30%, the liver weight was decreased by 20%, the glycogen content of liver was dramatically depleted (1.1 + 0.2 mg/g body weight on day 23.5 p. c. against 6.7 + 0.3 on day 21.5 p. c.), the plasma insulin was lowered by 63 % and the blood glucose level was normal. In postmature neonates during the first day of life the mortality rate was considerable (40%) and a dramatic fall of blood glucose was observed 6 hours after birth. The accumulation of insulin and glucagon in the pancreas, which normally occurs in the two first days after birth, was much lower in the postmature fetuses: in 23.5 day-old fetuses as compared to 2 day-old normal newborns of the same gestational age the insulin content was only 50% and the glucagon content 69%. The deficit of insulin accumulation in the postmature pancreas lasted at least fivedays. The ability of the endocrine pancreas to recover from this alteration was well shown by the lack of diabetes when the animals were examined three weeks later by a glucose tolerance test. These findings suggest that the drop of plasma insulin is a prime factor in causing the * This work has previously been presented at the 1 Ith Meeting of the European Association for the Study of Diabetes, Munich, September 1975 (1). lack of glycogen stores in prolonged fetuses and the impairment of glycogen stores appears to be an important feature of postmaturity, since neonates exhibit, in these conditions, a lethal drop of blood glucose as glycogenolysis operates on very low glycogen stores.
Summary. Prolonged gestation (2 extra days in utero)
was obtained by daily subcutaneous injection of progesterone (2.5 mg) to pregnant rats from day 20.5 post coitum (p. c.) through day 22.5 p. c. after reduction of the fitter to 6 fetuses on day 14.5 p. c.. Exogenous progesterone per se or litter reduction were without effect on fetal pancreas or fetal liver. Plasma insulin, insulin and glucagon in the pancreas, and liver glycogen stores have been systematically measured in postmature animals and in controls during the perinatal period. In 23.5 day-old postmature as compared to 21.5 day-old normal fetuses, the intrauterine mortality was increased (26%), the body weight was increased by 30%, the liver weight was decreased by 20%, the glycogen content of liver was dramatically depleted (1.1 + 0.2 mg/g body weight on day 23.5 p. c. against 6.7 + 0.3 on day 21.5 p. c.), the plasma insulin was lowered by 63 % and the blood glucose level was normal. In postmature neonates during the first day of life the mortality rate was considerable (40%) and a dramatic fall of blood glucose was observed 6 hours after birth. The accumulation of insulin and glucagon in the pancreas, which normally occurs in the two first days after birth, was much lower in the postmature fetuses: in 23.5 day-old fetuses as compared to 2 day-old normal newborns of the same gestational age the insulin content was only 50% and the glucagon content 69%. The deficit of insulin accumulation in the postmature pancreas lasted at least fivedays. The ability of the endocrine pancreas to recover from this alteration was well shown by the lack of diabetes when the animals were examined three weeks later by a glucose tolerance test. These findings suggest that the drop of plasma insulin is a prime factor in causing the In the human, the incidence of postmaturity is about five percent and is considered to be, after prematurity, the major cause of fetal and neonatal mortality [2] . Whereas in the human postmature fetus modifications of placental weight [3] , histological pattern [3] , and transfer of water and electrolytes [4] , which have been classified as placental insufficiency, have been observed, no systematic study has been done concerning the nutritional and hormonal conditions. However, hypoglycemia has been mentioned in the postmature human neonate [5, 6] .
In experimental delayed gestation in the rat, histological arguments suggest that the size of fetal pancreatic islets is reduced [7] , glycogen in fetal hepatocytes is scarce [8] and the adrenal cortex is hypertrophied [9, 10] . Experimental prolonged gestation can be obtained in the rat by exogenous progesterone. We have chosen this model to investigate the modifications induced by postmaturity on the liver and endocrine pancreas during the perinatal period without losing sight of the fact that the effects of prolonged gestation in the human and in the rat have to be interpreted with caution considering species -different placentation [3] . Because of the defect in insulin stores that we have observed in experimental postmaturity it was of interest to check the long term effect of post maturity on the insulin stores and glucose disposal after birth.
Materials and Methods
Animals. Albino rats (Sherman strain) bred in the laboratory were fed ad libitum with pelleted chow (U. A. R., B 03; carbohydrate 47%, protein 20%, fat 8 %). Females were caged with a male for one night (5 p. m. to 9 a. m.) and pregnancy was detected by abdominal palpation 14 days later.
Prolonged Gestation. Parturition was delayed with progesterone (Lutogyl, Roussel, France) administered subcutaneously to the mother (2.5 mg per animal) once daily on day 20.5, 21.5, and 22.5 of gestation. In control experiments, progesterone injections were given on day 18.5, 19.5, and 20.5. Pregnant females were subjected to a first laparotomy on day 14.5 post coitum (p. c.) in order to reduce large litters to 6 fetuses, because prolonged gestation was not well tolerated when there were too many fetuses in the uterus [11] . The effects of the reduction of the litter to 6 fetuses on body weight, liver glycogen, blood glucose and pancreatic hormones have also been investigated. No significant change was observed in the parameters studied with reduced litters or normal litters (8 to 12 fetuses) as indicated in Table 1 . This result is in accordance with unchanged prenatal development in the rat when litters are restricted on day 8 of gestation, with more than 50% of the litter remaining [12] .
Fetuses. Fetuses were obtained as follows: the pregnant rat was anaesthetized by sodium pentobarbitone (4 mg per 100 g body weight intraperitoneally) and the fetuses were successively extracted from the uterus, leaving the placenta and umbilical cord in situ. Maternal samples were drawn from the dorsal aorta. at 6, since the size of the litter has a short [13] and a long-term [14] influence on body weight and insulin release.
Samples. Fetal or neonatal blood samples were collected from axillary vessels and immediately centrifuged at 4 ~ C; plasma was stored at -20 ~ C until assayed. After dissection, the pancreas was weighed and homogenized for one minute by ultrasonic disintegration at 4 ~ C (Branson Sonifier B. 12, Connecticut) in acid alcohol solution (75 % v/v ethanol, 1.5 % v/v 12 N HC1, 23.5% distilled water). After centrifugation, the supernatant was kept at -20 ~ C until assay. The liver and placenta were rapidly removed, weighed and submitted to glycogen extraction.
Intravenous glucose tolerance test (2 g glucose/kg body weight) was carried out by an injection through the saphenous vein. Blood samples were collected by puncture of the orbital venous plexus just before, 15 and 90 minutes after injection for assay of glucose and immunoreactive insulin (IRI). No modification in the blood glucose or insulin levels measured at these post injection time intervals was observed in control animals injected with saline.
Assays. Blood glucose was measured by the glucose oxidase procedure [15] and glycogen as previously described [16] . Pancreatic and plasma IRI were estimated using purified rat insulin as standard (18 IU/mg, Dr. A. Lambert), antibody to human insulin [17] and 131I-human insulin (Centre National de Transfusion Sanguine, Paris). Immunoreactive glucagon (IRG) was assayed in the pancreas according to the method previously described [18] using porcine 125I-glucagon as tracer and porcine glucagon as standard (Novo B 66 K 1070), Dr. J. Schlichtkrull), Silicate was used to separate free from bound hormone [19] . Statistical analysis were performed using Student's unpaired t-test.
Results
Newborn. Natural birth generally occurred twentytwo days after mating and lasted up to 2 hours. Since precise timing of birth and sampling was desired, all the newborn animals were obtained by caesarean section after killing the mother by cervical dislocation. In normal gestation, caesarean section was performed on day 21.5 p. c. and in prolonged gestation on day 22.5 p. c. and 23.5 p. c. In some experiments, newborn were immediately transferred to a moist incubator at 36 ~ C and kept fasting for the duration of the study.
In other experiments, newborn were left with foster mothers, with the number of animals per litter kept Parturition was delayed with progesterone as indicated above. In order to distinguish the effects of prolonged gestation from the modifications likely to be related to progesterone, the effect of progesterone per se, without prolonged gestation, was analysed. Results obtained in 21.5 day old fetuses whose mothers were submitted to three progesterone injections on day 18, 19 and 20 of gestation have been compared to those observed in normal 21.5 day old controls (Table 2) . Three progesterone injections do not significantly change plasma and pancreatic IRI, pancreatic IRG, liver glycogen, blood glucose or body 
Column A represents the fetuses and column B the newborns of the same conceptional age delivered by cesarean section on day 21.5 p. c. and given to foster mothers. The values are the means + SEM. The number of observations is shown in parentheses.
weight. These results suggest that exogenous progesterone has no effect on the different variables considered. The maternal metabolic situation appeared to be affected little or not at all by the progesterone treatment. The animals were fed ad lib• until the time of caesarean section. Body weight during the last three days of gestation (from day 18.5 up to day 21.5 for the normal pregnant animals, from day 20.5 up to day 23.5 for the "prolonged" animals) was not different in the two groups. Despite the fact that food intake appeared to be slightly reduced in the "prolonged" group (17.3 + 1.2 mg pelleted food per day against 24.2 + 0.9 per day in the control group), blood glucose and plasma insulin concentrations were not affected when compared to normal pregnant females: in 23.5 day old mothers, blood glucose was 91 + 3 mg/100 ml (n = 16) and plasma IRI was 56 +_ 11 ~tU/ml (n = 10); in 21.5 day old mothers, blood glucose was 87 + 6 (n = 6) and plasma IRIwas 59 + 3 (n = 5).
Effect of Prolonged Pregnancy on the Growth of Fetuses
The incidence of intrauterine mortality increased with lengthening gestation. Whereas no mortality was found with one extra day of gestation, the mortality rate was 26% (31/120) and 37% (11/30) on day 23.5 and 24.5, respectively. On day 23.5 and day 24.5 amniotic fluids were stained with greenishmeconium. Body weight was higher and liver weight lower in "prolonged" fetuses than in those delivered at the right time; on the other hand, pancreas and placenta weights were similar in both these groups (Table 3) . Thus, despite the different nutritional conditions, liver weight of "prolonged" fetuses followed a pattern similar to that observed in normal neonates. At: the same gestationaI age, day 23.5, a decrease of 20% and 40%, respectively, was observed as compared to the weight on day 21.5 p, c.
Metabolic and Hormonal Effects of Prolonged Pregnancy on Fetuses
Liver glycogen content decreased during prolonged pregnancy from 109 + 3 to64 + i3 and33 + 6 mg/g of wet weight on day 21.5, 22.5 and 23.5 p. c., respectively. The fall in: liver glycogen stores is still more significant when the total glycogen content of liver is compared to body weight because of the simultaneous decrease of both liver glycogen and: liver weight: glycogen content in mg per g of body weight is 6.7 +_ 0,3, 2.8 _+ 0.2 and 1.1 + 0.2 on day 21.5, 22.5 and 23.5 p, c,, respectively. In normal neonates, on the ~st day of life, the total liver glycogen content represents 0,33 + 0,1 mg/g of body weight, which is a twenty-fold instead of the six-fold decrease observed in the "prolonged:!' fetus by comparison to the glycogen content " olo e'" on day 21.5. Therefore, the pr ng u fetus: exhibits, "in o" uter , a decrease in glycogen content. Results in normal neonates are in agreement with well:-established mobilisation of glycogen after birth (20~ 21, 22) . No significant modification of fetal blood glucose was observed in prolonged gestation (Fig. 2) : 65 + 4 and 58 + 6 mg/iOOml on day 23.5 and21.5 p. c., respectively. Ptas~ insu "li_n decreased sharply from 326 + 54 ~tU/ml on day 21,5 p~ c. to 120 ___: 10 ~U/ml on day 23.5. In normal neonates, on the first day of life, plasma insulin was: 42 _+_ 4 ~U/ml which is 7.8-fold instead of the 2.7-fold decrease observed in the "prolonged '' fetuses by comparison to the insulin level on day 21,5. The changes in pancreatic insulin and glucagon content are indicated in Figure 3 . In the "prolonged" fetuses, as in newborn, the insulin content of the pancreas increased with age; this increase is smaller in prolonged gestation tllan after normal birth, with a 40% increase on day 23.5 p. c., but a 180% increase on day 2 post partum (p. p.). as compared to the values on day 21.5 p~ c. The pancreatic accumula, tion of glucagon was also lower in the postmature fetuses. Thus, although the physical and metabolic conditions are quite different in "prolonged" fetuses and in neonates, the evolution of the metabolic va~-ables studied is similar in both conditions, with a decrease in liver glycogen content: and plasma insulin and an increase in the pancreatic glucagon to insu~ ratio.
The Early Postnatal Period of the "Prolonged" Rat
A high mortality rate was observed in the first day of life of the "prolonged" animals: about 40% (13/34) of the animals died during this period. Lung problems (Fig.  4) . When both groups were kept fasting for six hours blood glucose levels of the "prolonged" animals progressively decreased to very low values, reaching 21 + 3 mg/100 ml six hours after birth. This pattern is completely different from that observed in controls, where the drop of the glucose level was only transient at the first hour (26 + 2 mg/100 ml) and was followed by a restoration at six hours (90 + 8 mg/100 ml). The glycogen stores decreased after birth in the "prolonged" group and were almost completely depleted after six hours fasting (4 + 1 mg/g liver weight), whereas in neonates, despite attempts at depletion of glycogen stores, 64 + 3 mg of glycogen per g of liver remains, 16 times higher than in the "prolonged" group. The fall in liver glycogen stores in the "prolonged" group is even more considerable when results are expressed in terms of total glycogen content: 0.13 mg/g of body weight as compared to 3.55 mg/g of body weight in controls, i. e., a 27-fold decrease. Plasma insulin fell rapidly after three hours (37 + 6 ~tU/ml) to values which were similar in the two groups. Thus, it seems likely that the low blood glucose levels Table 4 . Effect of a 6 hour fast on postmature newborn rats
Body weight Liver Blood
Plasma IRI Glycogen GluCose g mg/g rag/100 ml ~tU/ml observed in postmature animals are related to the low liver glycogen content and suggest that this defect in glycogen disposal is responsible for the high neonatal mortality observed in this group. A similar study was also carried out in postmature animals normally fed by foster mothers after delivery (Table 4) . Under these conditions a partial improvement of blood glucose level was observed since six hours after birth the value is 56 _+ 2 mg/100 ml against 21 + 3 rag/100 ml in the fasted state, but exhaustion of glycogen stores was not prevented.
Long Term Effects of Prolonged Gestation
As described above, prolonged gestation is characterized by a decreased insulin to glucagon ratio in the (10) (7) (7) (8)
Postmature animals were delivered on day 23.5 p. c. and given to foster mothers. The variables were studied on day 42 (conceptional age) and compared to the same ones obtained from term-animals delivered on day 21. fetal pancreas. We have checked the evolution of this defect in the neonates after prolonged gestation, on day 5 and 19 after birth (Table 5 ). In the 5 day-old postmature neonates, pancreatic insulin was still 29 % depleted (13.2 + 1.0 mU/mg against 18.5 + 2.4 mU/mg in the controls) and pancreatic glucagon content increased by 85% (161 + 19 ng/mg against 87 + 18 ng/mg). No differences were observed in the values obtained on day 19 after birth as compared to the 21 day-old normal neonates. Furthermore, at this age, the insulin response to an in vivo glucose challenge was quite normal, as indicated in Figure 5 . In both groups, at corresponding gestational age, body weight, blood glucose and plasma insulin were similar.
Discussion
This experimental study has revealed four major points which warrant discussion. The high mortality rate in the postmature newborn can be correlated with the low blood glucose level observed in this group. In normal term neonates transient hypoglycemia was seen within one hour after birth, which is in accordance with the work of others [23] . However, the hypoglycemia observed in the 'postmature neonates' lasted at least six hours and was not reversible by feeding. In the newborn rat, the glycogen stores in the absence of fat stores are the main fuel before the suckling period. In the normal term neonate, the restoration of normal blood glucose levels is well correlated with the development of glycogenolysis and gluconeogenesis in the early neonatal period [20, 21, 22, 24] . In the postmature neonate the mobilization of glycogen stores has also been observed. However, the glycogenolysis operates on very low glycogen stores and the depletion of glycogen stores is likely to explain the inability of the postmature newborn to cope with glucose homeostasis.
A decrease in plasma insulin and pancreatic insulin to glucagon ratio was observed in the 'prolonged' fetuses as well as in the term-neonates. Although low blood glucose levels in the term neonate may explain the decreased plasma insulin level, blood glucose cannot account for the lower insulin levels observed in postmature fetuses, since the blood glucose level is similar to that of normal term fetuses. This suggests that low insulin levels in postmature fetuses may be a prime factor in the depletion of glycogen stores. There is some evidence that insulin is a mediator in the synthesis of liver glycogen. In the fetus, in vivo experiments on the rat [25, 26] , or,in vitro experiments using cultured explants of rat or human liver [27, 28] emphasize the role of insulin in glycogen metabolism. Furthermore, in the adult rat the results obtained with isolated hepatocytes [29] or perfused liver [30] clearly demonstrate direct control by insulin. On the other hand, the effectiveness of glucagon in stimulating liver glucose-6-phosphatase and phosphorylase activities has been considered of importance in the depletion of liver glycogen at birth [31, 32, 33, 34] . This mechanism probably accounts for the rapid glycogenolysis after birth in the postmature neonate as in the normal term neonate. However, for the moment, although we observed an increased glucagon to insulin ratio in the pancreas, we have no argument to identify glucagon as responsible for the depletion of liver glycogen in the postmature fetus. There is likewise no convergent data about a possible role of glucocorticoids which are known to induce glycogen storage [27, 35, 36] since it has been observed that fetal rat adrenal cortex is hypertrophied in prolonged gestation [9, 10] and in human "postmature neonates" the cortisol level is found to be decreased in cord and neonatal blood [37] . Exogenous progesterone chosen to delay parturition had no effect on the fetus in accordance with the observations of others [8, 9, 10] . Furthermore, at the dose used we found no effect on the maternal plasma insulin level with the progesterone treatment, whereas it has been suggested that the elevated plasma insulin level observed in pregnant or lactating rats is related to increased blood progesterone levels [38, 39] .
Our findings do not exclude fetal hypoxia as the prime factor in the metabolic disorders resulting from postmaturity. Indeed, experimental hypoxia in the fetal rat has been proved to decrease plasma insulin and increase plasma glucagon [40] . Furthermore, in postmature rabbits, chronic hypoxia [41] is well correlated with low liver glycogen content [42] . There is no data about hypoxia in the postmature fetal rat and we are now investigating this problem. Our results could be interpreted as being due to an increase in the relative fasting state of the fetus as a result of reduced placental transfer of glucose and/or other fuels, despite the fact that "prolonged" mothers have normal blood glucose levels. This problem is now under investigation using isotopic experiments and our preliminary results as well as the fact that the growth of the fetus is not inhibited do not favour a diminished transfer of glucose from the mother to the postmature fetus as compared to the term fetus. Of course, besides glucose, the availability of other glycogen precursors might be of importance.
One of the most intriguing effects of postmaturity is the lack of insulin accumulation in the fetal pancreas. This defect occurs in a period of high insulin stores [16, 18, 43] and although it lasted at least five days, no evidence of diabetes was observed when the animals were examined three weeks later by a glucose tolerance test. This ability of the endocrine pancreas to exhibit functional recovery from an alteration in the hormonal accumulation has previously been noticed in neonatal rats submitted to streptozotocin-diabetes [16] , but in these experiments, there was only partial recovery from diabetes even when the diabetic newborn rat became adult [44] . If the good functional recovery observed in postmature animals suggests that further development of diabetes is not likely to occur through an isolated and transient factor of impairment in islet growth, this factor may be of importance if associated with other causes of alteration of islet function.
